Abstract. During recent years, foundry industry has witnessed an increasing awareness about the importance of the filling stage for the production of metallurgically sound and dimensionally stable castings. The metallurgical soundness of a casting is strongly influenced by the way the liquid metal flows through various parts of the gating system and fills the mould cavity. Owing to the importance of filling stage, extensive research has been directed towards the determination of optimum filling conditions as well as on the influence of gating parameters. In this study, the hydraulics and flow behaviour of an aluminium alloy in a pressurized, horizontal gating system with a gating ratio of 1:2:1 incorporating multiple ingates attached to a horizontally cast plate mould is investigated using transparent water models. Similitude considerations between water and aluminium were invoked in the design of water models so that the conclusions drawn from water model experiments become applicable to real casting. Runners with two different aspect ratios and four different types of ingates were examined for their influence on hydraulics and flow behaviour. Flow behaviour was visualized using a high speed camera capable of capturing images up to 10,000 frames per second. Comparison of the filling patterns between water model experiments and real time experiments with molten metal in sand moulds provided useful insights into the performance of pressurized, horizontal gating system with multiple ingates and on the utility of flow visualization using water models.
Introduction
A gating system is essentially a plumbing network through which the molten metal is introduced into the mold cavity. The requirements that a gating system should satisfy have frequently been reviewed and may be briefly summarized as follows:
1. The metal should flow through the gating system with a minimum of turbulence and aspiration of mold gases. 2. The metal should be introduced into the mold cavity so that the temperature gradients, produced on the surface of the mold cavity and in the melt within the mold cavity, will facilitate directional solidification towards the riser. 3. The gating practice should be feasible and economical. It is evident that, if the first requirement is met, dross, gas entrapment, solution and reprecipitation of soluble gas will be reduced or avoided. If the second requirement is met, castings will be substantially free of defects resulting from shrinkage or inadequate feeding. If the third requirement is met, castings are free of defects resulting from incorrect gating practice.
Literature Review
Berger, et al. [1] explained how to qualitatively predict the behaviour of liquid metal flowing through a gating system with circular cross-section. A pressurized system with gating ratio 2:1:1 consisting of a runner with two gates moulded in dry sand was used. Experiments were conducted by pouring molten steel through the gating system. It was reported that simple theory, based on the principles of conservation of mass and energy is capable of predicting qualitatively the behaviour of liquid steel flowing through a gating system with circular cross-section. Fuoco, et al. [2] discussed the aspects of molten aluminium oxidation during mould pouring. And described the general guidelines for designing the gating system for aluminium gravity castings. Richins, et al. [3] studied the flow characteristics of molten aluminium in moulding sands and determined the various flow losses and the effect of discontinuities which create agitation and turbulence in various sections of gating systems. It was concluded that the equations developed for the flow of water can be used in the design of casting systems employing molten aluminium and that for short horizontal systems, the bend at the bottom of the sprue controls the flow characteristics into the casting. Johnson, et al. [4] determined quantitatively the effects of sprue, runner and finger gate variations on the velocity and volume rates of metal flow from gating systems by a combination of photographic and electronic measurement techniques. Molten steel at 2900°F was poured into gating systems of various designs and allowed to empty by falling into open moulds. The authors concluded that the addition of runner to the sprue substantially decreases the velocity and flow rate compared with a sprue alone. Further, lengthening of the runner caused a larger velocity decrease in the smaller-diameter runner because of the greater frictional effects. Srinivasan, et al. [5] demonstrated that water models can be used for the study of some gating problems and for some gating systems only, and not for a general application as is sometimes assumed. It was concluded that similar flow conditions existed between water and molten metal for convergent or choked systems and, a difference in flow behaviour in the case of divergent systems. Webster [6] conducted experimental studies on various runner-sprue combinations to understand the flow pattern at the junction of the sprue and runner using water models that was subsequently validated by pouring BS 1490 LM 4 at 700°C into CO2 sand moulds containing fused silica glass windows. It was found that a considerable contraction of the stream of flowing metal takes place at this point followed by an expansion. This contraction was shown to be capable of sucking gases into the stream of metal, which could give rise to defective casting especially with light alloys and drossy copperbase alloys. Johnson, et al. [7] made a number of interesting observations of the flow of steel in multiplegating systems used to run a plate casting 6 × 6 × 12 inches. Observations of the flow were recorded by cinematography. The gating systems used consisted of a pouring cup, a parallel sprue, an L or T base, a cross runner and four finger gates. The runners and gates were of square cross-section. As a result of the study, four types of agitation in the mould cavity namely swirling, rolling, rocking and irregular were observed and distinguished. It was concluded that the gating ratio should be 1: (>1):1 for uniform flow and preferably 1:2:1. Cuesta, et al. [8] developed a mathematical theory that specifies the experimental conditions to perform water analogue tests as a simulation method of mold filling for ferrous and aluminum gravity castings. They reported that Weber and Euler numbers are insignificant in gravity casting process and need not be considered in the design of water models. Runyoro, et al. [9] studied the effect of melt entry velocity on mold filling pattern into a vertically-cast plate mold that was bottom gated. Their results indicate that there exists a critical entry velocity during mold filling. Xue, et al. [10, 11] reported that the gating system ratio plays a more significant role than the sizes of gates on mold filling pattern. Bjorklund [12] provided a basis for systematic analysis of dimensions of gating systems. Masoumi, et al. [13, 14] studied the effect of gating design on melt entry velocity by pouring molten aluminum alloy A413 into a sand mould. Their results indicate that gating system ratio, geometry and size of gate have great influence on the entry velocity of the molten metal into the mould. Also, in unpressurised gating systems, deviation of melt flow from the centerline of the mould or incomplete gate filling tends to appear. Mezoff, et al. [15] discussed the influence of gating system on the degree of turbulence which occurred during the pouring of magnesium alloy castings. It was found that improper sprue design may lead to casting defects by the entrainment of gases in the metal stream. The degree of turbulence led to three defects namely, skins, blows and microporosity. Flemings, et al. [16] illustrated the importance of a good gating design for aluminum castings. The functionality of every element of gating system was elaborated. Salient features involved in the design of elements of gating system were discussed systematically. Van der Graff, et al. [17] studied the mold filling profiles for vertical, thin, plate shaped cavities, with a vertical ingate system connected to the bottom of the cavity. The authors concluded that the visual observations of molten liquids, CFD simulations, and DPIV results were in good agreement. Jeancolas, et al. [18] made a comparative study of the pouring of foundry alloys through gating systems formed in sand moulds and the pouring of various fluids at room temperature into hydraulic models of the same dimensions. It was determined that, provided certain precautions are taken, the use of hydraulic models for the study of the flow of molten metals through gating systems is justified and that the roughness of the mould walls had a negligible influence on the flow characteristics. Johnson, et al. [19] investigated the effects of various modifications to the design of the runner. This study was confined to systems in which the gate area was twice the sprue area. It was pointed out that momentum effects were important in gating systems since in the early stages of pouring the gating system is not completely full and as a result the flow is governed by the momentum of the stream. It was also suggested that momentum effects are more marked in the flow of metals than in the flow of water owing to the high density of the metal and that the use of water models or analogies is therefore dangerous in the early stages of metal flow.
Although literatures pertaining to flow of molten metals through gating systems abound, experimental work, in particular, the visualization of the effect of horizontal bottom gating system design with multiple gates on the flow behavior through the running system and in the cavity is limited in the open literature. Therefore, a study in which hydraulics and flow behavior of an aluminum alloy Al 308 through a horizontal bottom gated pressurized system with a ratio of 1:2:1 attached to a horizontally cast plate mold is taken up for the benefit of industry.
Objectives
Objectives of this study are to 1. Understand the conditions that must be met if filling simulations using water is to be a reliable indicator of the pattern of flow that would prevail in a real casting. 2. To conduct experiments using water models to determine the discharge and velocity through various gates. 3. Understand the influence of hydraulic and geometric variables on the performance of various runnergate combinations and their influence on mould filling. 4. To develop simple regression equations that could be of use to practical foundryman during rigging design for correlating velocity of flow with gate positions for some simple runner-gate combinations. 5. To conduct real time experiments with molten metal for some selected runner-gate combinations to validate the observations made during water model experiments.
Methodology
The alloy whose hydraulics and flow behaviour was proposed to be studied in this work is Aluminum alloy Al 308 considering its potential applications. A mildly pressurized gating system with a gating ratio of 1:2:1 is normally employed in foundries casting this alloy. Design and fabrication of gating system that involved complete interchangeability between the runner and ingate was carried out. The water model was modularized so as to facilitate investigation of various runner ingate combinations. On the basis of similitude, scaling factors to be applied for water models are calculated. Acrylic models of gating systems with gating ratios 1:1.5:0.75, 1:2:1 and 1:4:4 are designed and fabricated. Experiments are conducted with water models using water as the filling medium to obtain the velocities and discharges through various gates for different gating ratios. A digital stop watch and a calibrated measuring jar are used to measure the time and discharge respectively. Velocity at various gates obtained from experiments is expressed as a function of non-dimensionalized distance of the gate from spruebase for different values of head in the pouring basin. Flow visualization experiments are carried out for systems with different gating ratios for various runner-gate combinations fabricated. High speed camera capable of capturing images up to 10,000 frames per second is used to record the flow behavior. Real time experiments with sand mould-molten metal combination are carried out for selected runner gate combinations. Flow is simulated using software for selected runner gate combinations. 3D model of the gating system is created using FLOW Cast software for analyzing the flow through various parts of the gating system. The necessary thermo-physical data are specified for the analysis along with the initial and boundary conditions. The manner of filling as observed during experiments and that during simulation were compared so as to draw some useful conclusions on the utility of flow visualization using water models and the capability of software to predict the filling pattern during casting process accurately.
Similitude and Scaling Factor for Water Models
In the present study, water is used to simulate the flow behavior of aluminum alloy Al 308. Fluid flow during mold filling can be characterized by a set of non-dimensional numbers. To obtain maximum similitude between the real casting and water model experiment, it is essential that certain non-dimensional numbers are same in both situations. The non-dimensional numbers pertaining to casting process, in general, are Weber number (We), Reynolds number (Re), Froude number (Fr) and Euler number (Eu). Cuesta [1] mentioned that Weber number and Euler number are insignificant and hence could be neglected for the case of gravity casting. The relevant non-dimensional numbers for the proposed water model experiments are Reynolds number (Re) and Froude number (Fr). These two non-dimensional numbers must be equal at homologous points if maximum similitude is to be expected between the water model and real casting. The expression for scaling factors that ensure complete similitude [16] are given by Eq. (1) and (2) . KV = (υ2/υ1) 1/3 (velocity scaling) (1) KL = (υ2/υ1) 2/3 (length scaling) (2) where υ1 and υ2 represent the kinematic viscosities of molten metal and water respectively. The above equations indicate that any difference in the kinematic viscosities of water at room temperature and the molten metal at its pouring temperature will imply the application of scaling factor for the water model. The kinematic viscosities of water and Al 308 are 1.004 x 10 -6 m 2 /s and 0.55 x 10 -6 m 2 /s respectively [16] . Inserting these values in the expression for length scaling, the value of linear scaling factor (KL) turns to be 1.49. This implies that all the linear dimensions of the water model must be greater than the corresponding dimensions in the real casting by 49% so as to obtain complete similitude.
Experimental Details
It was proposed to study the hydraulics and flow behavior of Aluminum alloy Al 308 considering its potential applications and gating ratio of 1:4:4 is normally employed in foundries casting this alloy. Experiments in this work are divided into two categories, the first category being flow measurement and the second category, flow visualization.
Flow Measurement
In flow measurement experiments, the variables considered are the total head, runner aspect ratio (width to height) and the type of ingate. w=0.5h) and three different types of ingates (rectangular, convergent and divergent) as shown in Fig. 1 were used in the study. The runner is of length 600mm for both the aspect ratios and of cross section 76.22 x 38.11mm and 38.11 x 76.22mm respectively for w=0.5h and w=2h runners. All the gates were of 50mm length and 9.53mm height (inner). Holes of diameter 5mm were drilled at equal distances on the top face of runner plate to facilitate inserting piezometer tubes that act as vents. A suitable colouring agent was added to water to improve the visualization effects. During experimentation, the head of water in the pouring basin was maintained at 230mm, 200mm and 170mm that were representative of the pouring heads used in a typical aluminium foundry for the size of casting selected for this study. The height of the sprue was maintained constant at 250mm throughout the experiments. Prior to the start of experimentation, the sprue entrance was sealed with a rubber cork so that steady state conditions are attained. Once the steady state conditions were attained, the cork was removed. Water coming through each gate was then collected using reservoirs that were fabricated specially for flow measurement. The water collected in each reservoir was measured using calibrated measuring jars. A digital stop watch was used to record the time for which water flows through each gate. Each experiment was repeated thrice to ensure repeatability. The experimental results are given in Table 1 for runner aspect ratio of 0.5 for the sake of brevity. , it is observed that in this gating system, irrespective of the runner aspect ratio and head, the discharge is maximum in the gate farthest from the sprue and decreases towards the sprue. This is because once the pouring has begun, after falling down the sprue, the fluid travels down the runner to its far end as a result of momentum effects and the absence of pressure without flowing through any side channels or gates. Upon striking the far end of the runner, a pressure wave is generated locally and this causes the flow to take place through the gates farthermost from the sprue. Pressure then builds up along the entire system and flow takes place through other gates. Also, it can be understood that the variation in discharge between the gates is more or less similar for all types of gates. It can be concluded that the variation in head, type of gate and the runner aspect ratio of the runner has no significant influence on the variation of discharge through the gates. Although the variation in discharge across the gates have been shown only for two extreme values of heads (420 mm and 480 mm), similar pattern of variation is observed for all the cases for H = 450 mm.
5.1.2.
Influence of runner aspect ratio on discharge variation.
The discharge variation across the gates in systems with different runner aspect ratios of the runner was studied for various types of gates and heads and the results are shown in Fig. 5 . From the comparisons it is observed that a square runner with runner aspect ratio (w/h) of 1 gives the maximum variation in discharge for a given type of gate in an unpressurized gating system. From the Figs. 6 and 7, it is understood that in an unpressurized system, as in the case of discharge, due to momentum effects in the runner maximum velocity is observed in the gate farthest from the sprue and minimum in the gate adjacent to the sprue. This is also in agreement with the Bernoulli's principle as applied to the runner. Further, the flow velocity of water through the third and fourth gate from the sprue for all the combination of parameters is higher than that corresponding to the entrainment threshold of 0.33 m/s as suggested by Runyoro, et al. [9] . This indicates that the potential for damage in the metallurgical quality of the molten metal is high even in an unpressurized system unless the velocity at the entry to the gates is reduced below that of the threshold value. This can be achieved by a suitable redesign of the running system. Further, it is noted that irrespective of the runner aspect ratio, the velocity across the divergent gates continuously increases with distance from the sprue. Although the variation in velocity across the gates have been shown only for two extreme values of heads (420 mm and 480 mm), similar pattern of variation is observed for all the cases for an intermediary value of 450 mm. It is concluded that in an unpressurized system, it is difficult to achieve uniform discharge and velocity across the various gates.
In the case of flow through several ingates, generally, all the ingates will feed evenly only under certain conditions determined by the shape and dimensions of the entire gating system. This is due to the fact that the head available in the system initially drives the flow towards the end of the runner with only minimal flow through the gates. During its return, the fluid loses its energy during its meeting with the oncoming stream and is forced to enter the gates. Under such situations, it is evident that a smoother and uniform filling could be expected with gates that are inclined backwards with the runner. Further, it is evident that, in reality, castings differ in geometry and intricacy. Therefore the shape of the castings may be such that uniform discharge through the gates is preferable in order that the casting is full before the freezing starts. Further, it is known that uniform filling ensures less variation in mechanical properties during solidification. In some cases, the shape and intricacy may be such that preferential filling at some locations may be desired. In these cases, the data on the discharge variation pertaining to a particular runner-ingate combination suitable for the alloy may be used for advantage while designing the running system for a particular casting.
Dimensional analysis of flow through gating systems
Dimensional analysis as applied to a gating system is very much relevant as the results of experiments obtained using water models can be applied to flow of molten metal through real time gating systems. Figure 8 shows a simple schematic of the system under consideration for study. Fig. 8 . Schematic of the gating system for dimensional analysis.
The method of repeating variables is used to determine the Pi terms or dimensionless products for the system under study. The important steps used to obtain the relevant non-dimensional groups are:
i.
Listing of variables that are involved in the problem.
In the system under study, the variables identified are the Head (H), distance of the gate from the centre of the sprue (xg), density of the fluid (ρ), dynamic viscosity of the fluid (µ), area of cross section of the runner (A) and acceleration due to gravity (g).
ii.
Determination of the required number of Pi terms
The required number of Pi terms is obtained using Buckingham's Pi Theorem given by Eq. (3).
Number of Pi terms = k -r (3) where k -number of variables in the problem and r -number of reference or basic dimensions required to describe these variables. In this study, the number of variables is six and the number of reference dimensions is three (length, mass and time). Therefore the number of Pi terms is three.
iii.
Selection of repeating variables
Repeating variables are those that are extracted from the original list of variables several of which when combined with each of the remaining variables gives a Pi term. In this study, head, density and acceleration due to gravity are identified as the repeating variables since each repeating variable is dimensionally independent of others and all the required reference dimensions are included within the group of repeating variables.
iv. Formation of Pi terms
Four Pi terms are involved in this study. The first Pi term is given by Eq. (4). 
Since this combination is dimensionless, it follows that 
v. Expressing the result of the dimensional analysis
The result of the dimensional analysis carried out for the problem under study is given by Eq. (6).
As a result of dimensional analysis, the number of variables has been reduced from six to three. Upon examination of these Pi terms, it was observed that a plot of
in a functional relationship that in turn can provide a scientific basis for the design of gating systems. Such a plot was carried out for all combination of parameters for this gating ratio (1:4:4) and plots pertaining to rectangular gate are shown in Figs. 9-11 . In all the combinations for this gating ratio, the gates were located at a distance (xg) of 235 mm, 335 mm, 435 mm and 535 mm respectively from the center of the spruebase. Velocity values were taken from the flow measurement experiments (Table 1) . Using standard curve fitting techniques, it was found that a second order polynomial fit better explained the variation in the data for all the cases under this ratio. The regression equations corresponding to the various runner aspect ratios for a given type of gate and head are given under the respective sections. In each graph, for ease of correlation, the regression equation for a particular runner aspect ratio is enclosed inside a box having the same colour as that of the corresponding regression curve. The regression equations in this case for the various runner aspect ratios are given by Eq. (7), (8) The regression equations in this case for the various runner aspect ratios are given by Eq. (10), (11) and (12). The regression equations in this case for the various runner aspect ratios are given by Eq. (13), (14), and (15). 
2 r = 0.902 (w = 2h) Similar Equations can be obtained for other combinations of gates and heads. It can be observed that in some cases, the coefficient of determination (r 2 ) of the regression was found to be as low as 0.79. Although, experiments were repeated for such cases, the same observations were obtained indicating random sources of error during experiments. Some such sources could be the high degree of turbulence and pulsations in the flow through the gates.
The regression equations developed for the various combinations of gates, runner aspect ratios and head relate the velocity and the position of the gate in non-dimensional form. For a given position of the gate along the runner, it is possible to predict the velocity of flow through the gate, provided the total head is known. This could in turn shed light on the possibility of the incidence of entrainment, splashing, erosion or other filling related defects in a casting leading to a possible repositioning of the gates if required. On the other hand, if a particular velocity is desired, then the head required to achieve the velocity could be predicted from these equations that in turn could lead to a rational decision on the sprue and pouring heights to be employed for the casting.
The advantage with these non-dimensional equations is that they are applicable for any geometrically similar running system. Further, in the present work, gates were assumed to be equidistant along the runner. In some cases, the geometry and intricacy of the casting may dictate uneven disposition of the gates along the runner. In such situations, these relationships could be used in taking a decision on the location of gates along the runner to satisfy any prescribed velocity and filling requirements provided, a straight runner is used.
Flow Visualization in Gating Systems
The experimental set up for flow visualization in shown in Fig. 12 .
(a) (b) Fig. 12 . Experimental set up for flow visualization.
The aim of flow visualization is to permit direct observation of the flow behaviour as the fluid flows through various parts of the gating system. The setup for flow visualization experiments is shown in Fig.  12 . Flow visualization experiments were conducted with the cavity attached to the desired runner-gate combination as shown in Fig. 12(a) . Colour powder was added to water to improve the visualization effects. These experiments were conducted for all combinations of head, runner aspect ratio and type of gate. As in the case of flow measurement experiments, prior to the start of experimentation, the sprue entrance was closed with a cork so that water in the basin attained steady state conditions. A high speed camera shown in Fig. 12(b) was used for visualization of flow. Flow visualization experiments were carried out for all the combination of parameters and observations were made concerning the flow behaviour in critical sections of the gating system and mould cavity. In all the cases, the total head at the sprue base was maintained at 480 mm.
5.2.1.
Flow visualization in the spruebase Typical Flow visualization frames for the sprue base are shown in Fig. 13 (a) to (e).
(a) (b) (c) Fig. 13 . Flow Visualization in the spruebase. As the fluid enters the sprue base and hits the bottom, violent splashing was observed leading to intensive churning motion that persisted till the end of flow. Splashing at the bottom was followed by spreading towards the walls of the sprue base as shown in Fig. 13(b) . The constraining effect of the walls of the sprue base resulted in a folding action of the stream upon itself as indicated by arrows resulting in severe swirling motions of the fluid inside the sprue base. Although the function of the sprue base is to provide a quiescent entry of the molten metal into the runner, by absorbing some of the kinetic energy of the falling metal, it was found that the transport of turbulence into the runner was inevitable, for all runner aspect ratios. In the case of real casting, although the degree of damage suffered by the molten metal inside the spruebase due to splashing and turbulence may be less than that of the molten metal (surface tension of the molten metal is several orders of magnitude greater than that of water), the damage is found to be inevitable. Also, the erosion of the mould cavity at the bottom of the sprue is evidently greater when pouring molten metal than in the case of water due to differences in density and the associated momentum effects.
Flow Visualization in the runner
Some typical flow visualization extracts pertaining to the runner are shown in Fig. 14 (a) to (f).
(f) Fig. 14. Flow visualization in a narrow and deep runner (a), (b) at the entry to the runner.
As discussed in the previous section, the fluid enters the runner in a highly turbulent manner as shown in Fig. 14(a) and (b) . The entry of the fluid into the runner can be characterized as "ghostly" with full of splashes. There is no well defined flow front as shown in Fig. 14(c) . Such a profile is retained by the fluid for nearly half the length of the runner after which a thin tongue of fluid develops that slides past the runner at a high velocity, hits the end of the runner and furls back before it merges with the oncoming wave front indicating the possibility of air and gas entrapment. The distance to which the return wave can propagate upstream before it loses its identity should necessarily depend on the head available for the flow since head provides the driving force for the flow through the runner. This is followed by an intensive momentum exchange between the return and the upcoming streams leading to pressure buildup upstream of the runner. The mometum exchange and pressure buildup can be correlated with sequence and the amount of flow through various gates in the runner. Although only a feeble flow is observed through the gates when the fluid flows down the runner, substantial flow through the gates particularly the second and third gates from the sprue, could be realized only when the oncoming and the returning streams meet each other. Further, the exchange of momentum between the return wave and the oncoming steam resulted in sloshing in the runner that manifested as pulsations in the flow through the third and fourth gates and sometimes the second gate. Large number of airbubbles were also observed in the stream during its flow through the runner which could be attributed to the aspiration of air in the sprue and sprue base. Another important observation is that the runner is not full as the stream flows through the runner. This may facilitate air and gas pickup and oxidation of the metal that may finally lead to oxide inclusions in the casting. Also, intense turbulence in the runner enhances the rate of heat dissipation of the molten metal that may lead to reduction in the fluidity of the metal as it enters the cavity thereby producing misrun or coldshuts. All these observations indicate the importance of geometry in the design of the various critical sections in the running system and flow velocity in the runner. The observations discussed were common for all the gating ratios.
Flow visualization in the cavity
In the case of flow through an unpressurized gating system with a runner aspect ratio of 0.5, typical flow visualization extracts pertaining to cavity are shown in Fig. 15 (a) to (d).
(a) (b) (c) (d) Fig. 15 . Flow visualization in the cavity with rectangular gate (Runner aspect ratio = 0.5 and gating ratio 1:4:4).
As the flow takes place through the runner, the fluid first flows out of the gate nearest to the sprue and then sequentially through the other gates as shown in Fig. 15(a) . Although this is seen as a violation of the Bernoulli's principle, a closer examination of the events indicated that the motion of the fluid during its entry into the runner could probably be a superimposition of two components namely the forward motion along the runner and the rotational component imparted to the fluid particles due to the swirling and churning motion in the sprue base. This combination of splashing and swirling enables some of the fluid to enter the gate nearest to the sprue with the bulk of the fluid travelling down the runner as indicated in Fig. 15(a) . As the fluid hits the end of the runner and returns back, the back pressure generated at the end of the runner pushes the fluid into the cavity through the farthest gate. The return wave travels backs along the runner until its energy is completely balanced by the oncoming stream at midway (approximated) between the second and third gates. The transmission of back pressure along the runner then enables flow to be realized through the third and fourth gate from the sprue. Deviation of flow from the centerline of the gate was observed in all the gates and continued till the end of filling. It was also observed that in the case of first and second gates, the entire cross-section of the gates was not utilized during a major portion of the time of flow.
Real Time Experiments with Molten Metal
For the sake of brevity, the results of real time experiment incorporating a wide and shallow runner with rectangular gate is discussed. Some typical visualization extracts are shown in Fig. 16 (a) to (l). The visualization extracts corresponding to water model experiments for this combination are shown side by side to facilitate comparison. The molten metal first enters the cavity through the gate nearest to the sprue and then takes place sequentially through the other gates. The streams flowing out of the various gates show minimum tendency to deviate from their paths, a fact that is in agreement with the water model experiments. In the case of water model experiments for this combination, it was discussed that the 11.
All these observations indicate the importance of geometry in the design of the various critical sections in the running system and flow velocity in the runner. The observations discussed were common for all aspect ratios of the runner. 12.
When the ratio of the total gate area and the sprue area is four (unpressurized system), the filling was observed to be quiescent compared to the other two cases, although turbulence persisted throughout the filling process. No specific pattern could be identified when the streams impinged on the opposite wall of the cavity since the stream velocities are very low.
13.
It was observed that the entire cross-section of the gates was not utilized during a major portion of cavity filling time. This could lead to aspiration of air and gas from the walls and also reduces the efficiency of the gate. The problem could be remedied by positioning the gates on the runner in such a way that they branch off at an angle corresponding to that observed during entry through the gates. 14.
In the case of unpressurized systems, under low hydrostatic heads, flow into the cavity was found to be relatively sluggish, with low flow velocities. At high heads, relatively high flow velocities were observed. But these are relatively smaller than that observed in pressurized gating systems. 15.
In unpressurized systems, the streams emerging from the gates show a strong tendency for lateral spreading and merging with the adjacent streams. 16 .
The final stages of cavity filling are characterized by intensive mixing and turbulence inside the cavity.
17.
The observations made during real time experiments were in good agreement with that of the water model experiments.
